After decades of controversies about the quantitative importance of autoregulatory adjustments in energy expenditure in weight regulation, there is now increasing recognition that even subtle variations in thermogenesis could, in dynamic systems and over the long term, be important in determining weight maintenance in some and obesity in others. The main challenge nowadays is to provide a mechanistic explanation for the role of adaptive thermogenesis in attenuating and correcting deviations of body weight and body composition, and in the identification of molecular mechanisms that constitute its effector systems. This workshop paper reconsiders what constitutes adaptive changes in thermogenesis and reassesses the role of the sympathetic nervous system (SNS) and uncoupling proteins (UCP1, UCP2, UCP3, UCP5/BMCP1) as the efferent and effector components of the classical one-control system for adaptive thermogenesis and fat oxidation. It then reviews the evidence suggesting that there are in fact two distinct control systems for adaptive thermogenesis, the biological significance of which is to satisfy-in a lifestyle of famine-and-feast-the needs to suppress thermogenesis for energy conservation during weight loss and weight recovery even under environmental stresses (e.g., cold, infection, nutrient imbalance) when sympathetic activation of thermogenesis has equally important survival value.
Resistance to obesity in an obesigenic environment
One of the greatest challenges towards understanding the aetiology of human obesity is to explain how in environments that promote overeating of high-fat foods and discourage physical activity, there is always a section of the population who, apparently without conscious effort, do not become obese. How do they resist obesity? How is constancy of body weight achieved over decades in these individuals? In addressing the issue of human susceptibility to leanness and fatness, there are three cardinal features of body weight regulation that need to be underlined: (i) Humans cannot escape the laws of thermodynamics.
Whatever theory is put forward to explain body weight and body composition regulation, it is undeniable that changes in body energy stores (and ultimately body weight) cannot occur unless there is a difference between energy intake and energy expenditure. (ii) Subtle perturbations in energy balance can lead to obesity. To put it another way, long-term constancy of body weight can only be achieved if the matching between energy intake and energy expenditure is extremely precise, since an error of only 1% between input and output of energy, if persistent, will lead to a gain or loss of 1 kg per year or some 40 kg between the age of 20 to 60 years. Yet, a difference of 5% between energy intake and energy expenditure is hardly measurable with available techniques. (iii) Body weight is a fluctuating and oscillatory phenomenon. Even in individuals that maintain a relatively stable lean body weight over decades, there is no dabsoluteT constancy of body weight over days, weeks, and years. Instead, body weight tends to fluctuate or oscillate around a mean constant value, with deviations from a dsetT or dpreferredT value being triggered by events that are cultural (weekend parties, holiday seasons), psychological (stress, anxiety or emotions), and pathophysiological (ranging from minor health perturbations to more serious disease states). According to Garrow [1] , very short-term dayto-day changes in body weight have a standard deviation of about 0.5% of body weight, while longitudinal observations over periods of between 10 and 30 years indicate that individuals experienced slow trends and reversal of body weight amounting to between 7% and 20% of mean weight.
In such a dynamic state within which weight homeostasis occurs, it is likely that long-term constancy of body weight is achieved through a network of regulatory systems and subsystems through which autoregulatory changes in food intake, body composition, and energy expenditure are interlinked.
Weight regulation through adjustments in energy expenditure
There is in fact a built-in stabilising mechanism in the overall homeostatic system for body weight. As Payne and Dugdale [2] have illustrated, using a mathematical model for weight regulation, any imbalance between energy intake and energy requirements would result in a change in body weight which in turn will alter the maintenance energy requirements in a direction which will tend to counter the original imbalance and would hence be stabilising. The system thus exhibits dynamic equilibrium. For example, an increase in body weight will be predicted to increase metabolic rate (on the basis of the extra energy cost for synthesis and subsequent maintenance of extra lean and fat tissues), which will produce a negative energy balance and hence a subsequent decline in body weight. Similarly, a reduction in body weight would also be automatically corrected inasmuch as the resulting diminished metabolic rate due to the loss in weight will produce a positive balance and hence a subsequent return towards the dsetT or dpreferredT weight. But in reality, the homeostatic system is much more complex than this simple effect of mass action. As demonstrated in the dweight-clampingT experiments of Leibel et al. [3] , subjects forced to maintain body weight at a level 10% above their initial body weight showed an increase in daily energy expenditure even after adjusting for changes in body weight and body composition. Conversely, in subjects maintaining weight at a level 10% below the initial body weight, daily energy expenditure was also lower after adjusting for losses in weight and lean tissues. These compensatory changes in energy expenditure (~15% above or below predicted values) reflect changes in metabolic efficiency (ME) that oppose the maintenance of a body weight that is above or below the dsetT or dpreferredT body weight.
A closer inspection of the data from this dweightclampingT experiment [3] reveals a large interindividual variability in the ability to readjust energy expenditure, with some individuals showing little or no evidence for altered metabolic efficiency, while others reveal a marked capacity to decrease or increase energy expenditure through alterations in metabolic efficiency. Indeed, the most striking feature of virtually all experiments of human overfeedingusually on diets in which fat contributed more than 35% of energy-is the wide range of individual variability in the amount of weight gain per unit of excess energy consumed. Some of these differences in the efficiency of weight gain could be attributed to interindividual variability in the gain of lean tissue relative to fat tissue (i.e., variability in the composition of weight gain), but most is in the ability to convert excess calories to heat, i.e., in the large interindividual capacity for diet-induced thermogenesis (DIT). In his detailed reanalysis of data from some 150 human beings participating in the various dGluttony ExperimentsT conducted between 1965 and 1999, Stock [4] argues that at least 40% of these overfed subjects (on high-fat diets) must have exhibited an increase in DIT, albeit to varying degrees. Part of this variation in DIT could be explained by differences in the dietary protein content of the diet, with DIT being more pronounced on unbalanced diets which are low or high in % protein [4] . Indeed, our own reanalysis of the classic human overfeeding studies of the 1960s revealed that relatively small individual differences in DIT on balanced normalprotein diet are amplified on protein-deficient diets [5] . That genes play an important role in variability in metabolism that underlie susceptibility to weight gain and obesity has in fact been established from overfeeding experiments of Bouchard et al. in identical twins [6] . Conversely, a role for genotype in human variability in enhanced metabolic efficiency during weight loss has been suggested from studies of Hainer et al. [7] , in which identical twins underwent slimming therapy on a very low-calorie diet.
Taken together, it is evident that, in addition to the control of food intake, changes in efficiency of energy utilization (i.e., in adaptive thermogenesis) also play an important role in the regulation of body weight and body composition, and that the magnitude of adaptive changes in thermogenesis is strongly influenced by the genetic makeup of the individual.
What constitutes adaptive thermogenesis?
A main reason for controversies about the importance of adaptive thermogenesis in the aetiology of human obesity reside in difficulties in pinpointing which component(s) of energy expenditure could be contributing importantly to the changes in metabolic efficiency and hence in adaptive thermogenesis. As depicted in Fig. 1 , the energy expenditure measured in the resting state, whether as basal metabolic rate (BMR) or as thermic effect of food (TEF), certainly results in the production of heat (i.e., in thermogenesis), and changes in resting energy expenditure that are unaccounted for changes in body weight and body composition reflect changes in metabolic efficiency and hence in adaptive changes in thermogenesis. By contrast, the heat production from what is generally clustered under nonresting energy expenditure is more difficult to quantify. The efficiency of muscular contraction during exercise is low (~25%), but that of spontaneous physical activity (SPA) (including fidgeting, muscle tone and posture maintenance, and other low-level physical activities of everyday life) is even lower since these essentially involuntary activities comprise a larger proportion of isometric work which is simply thermogenic. Because actual work done on the environment during SPA is very small compared to the total energy spent on such activities, the energy cost associated with SPA has been referred to as movement-associated thermogenesis or SPA-associated thermogenesis [8] . It can also be argued that since SPA is essentially beyond voluntary control, a change in the level or amount of such involuntary SPA in a direction that defends body weight also constitute autoregulatory changes in energy expenditure. In this context, an increase in the amount of SPA in response to overfeeding or a decrease during starvation also constitutes adaptive changes in thermogenesis.
To date, the most direct evidence that changes in SPA contribute to autoregulatory changes in energy expenditure in humans derived from data obtained from the eight men and women who were participating in the Biopshere 2 experiment, a self-contained ecologic dminiworldT and prototype planetary habitat built in Arizona. As a result of unexpected shortage of food, their losses in body weight (8-25%) over a 2-year period was found to be accompanied by a major reduction in SPA, which, like their reduced energy expenditure, persisted several months after the onset of weight recovery and disproportionate recovery of fat mass [9] . Whether interindividual variability in the amount of SPA during overfeeding contributes to variability in resistance or susceptibility to obesity has also been the focus of a few human studies of energy expenditure. The importance of SPA-associated thermogenesis in human weight regulation was in fact underscored by the findings of Ravussin et al. [10] , that even under conditions where subjects are confined to a metabolic chamber, the 24-h energy expenditure attributed to SPA (as assessed by radar systems) was found to vary between 100,700 kcal/day and to be a predictor of subsequent weight gain. In fact, a main conclusion of the early overfeeding experiments of Miller et al. [11] was that most of extra heat dissipation in some of the individuals resisting obesity by increased DIT could not be accounted for an increase in resting metabolic rate but could be due to an increased energy expenditure associated with simple (low-level) activities of everyday life. This notion has recently gained much support from the findings of Levine et al. [12] that more than 60% of the increase in total daily energy expenditure in response to overfeeding could be attributed to SPA, and that interindividual variability in energy expenditure associated with SPA-which they referred to as nonexercise-activity thermogenesis (NEAT)-was the most significant predictor of the resistance or susceptibility to obesity.
Although SPA is likely to play an important role in weight regulation, there is however no consistent evidence to suggest that SPA is the major component in adaptive thermogenesis. Indeed, in the dweight-clampingT experiments whereby subjects maintained body weight at 10% above or 10% below their habitual body weight [3] , the autoregulatory increases or decreases in nonresting energy expenditure could not be explained by the amount of time spent in physical activity. Instead, changes in muscle work efficiency could account for a third of the change in daily energy expended in physical activity [13] , findings which are consistent with previous reports of an increase in skeletal muscle work efficiency (i.e., decreased thermogenesis) after experimentally induced weight reduction [14, 15] or in chronically undernourished subjects [16] .
Some of the most compelling evidence that changes in adaptive thermogenesis can occur in both resting and nonresting components of energy expenditure are listed in Table 1 . It must be emphasized that the separation of adaptive thermogenesis between resting and nonresting is artificial, given the possibilities of their interactions illustrated in Fig. 1 . For example, energy expenditure during sleep, which is generally nested under drestingT energy expenditure, also comprises a dnonrestingT component due to spontaneous movement (or SPA) occurring during sleep, the frequency of which seems to be highly variable between individuals. Furthermore, nonresting energy expenditure or NEAT could also include heat production resulting from the impact of physical activity (exercise or SPA) on postabsorptive metabolic rate or postprandial thermogenesis. There is in fact some evidence that relatively low-intensity exercise can lead to potentiation of TEF [11, 17] and that the effect of physical activity on energy expenditure can persist well after the period of the physical activity (postexercise or post-SPA stimulation of thermogenesis) [17] . Nonetheless, any changes in metabolic efficiency (ME) in resting or nonresting state that would tend to attenuate energy imbalance or to restore body weight and body composition towards its dsetT or dpreferredT value constitute adaptive changes in thermogenesis.
Classical one-control system for adaptive thermogenesis
Ever since studies into mechanisms of DIT started in 1960s [18] , the focus of attention has been on the sympathetic nervous system (SNS), which, via its neurotransmitter norepinephrine, acts upon a-and h-adrenoceptors to influence heat production. It is now known that many other hormones (e.g., thyroid hormones, leptin, insulin, ghrelin) play a more permissive or facilitatory role in SNSmediated thermogenesis either by altering peripheral adrenergic responsiveness to the thermogenic effects of norepinephrine or by acting as peripheral signals for central control of SNS activity to peripheral tissues [19] [20] [21] . In fact, the interaction of many of the peripheral signals that control feeding behaviour and satiety-via inhibition of NPY/AgRP neurons and stimulation of POMC/CART neurons in the hypothalamus-also result in altered activity of the SNS and thermogenesis [21] . Of particular interest for SNS-mediated thermogenesis is the potential control by norepinephrine over biochemical mechanisms whose activation leads either to an increased use of ATP (e.g., ion pumping and substrate cycling) or to a higher rate of mitochondrial oxidation with poor coupling of ATP synthesis-the net result is an increase in heat production. But it was not until the demonstration that SNS activity in a variety of tissues is increased during overfeeding and decreased during starvation (a state of energy conservation) that the SNS was considered as a potentially pivotal efferent system in link between diet and thermogenesis [22] . More recent studies in mice lacking genes coding for all h-adrenoceptors (h1AR, h2AR, and h3AR) have now firmly established the pivotal role for the SNS in the mediation of DIT [23] . In contrast to wild-type mice which resist obesity by activating DIT during overfeeding, mice lacking hARs (or h-less mice) are incapable of increasing thermogenesis and developing massive obesity despite similar food intake as in wild-type controls. Furthermore, the h-less mice are intolerant to cold exposure, thereby underscoring the overlapping role of SNS via h-AR signalling in the control of heat production in response to both diet and cold.
The SNS-BAT-UCP axis
It was indeed proposed some 25 years ago [24] that these two forms of thermogenesis have a common origin in brown adipose tissue (BAT). The thermogenic activity of BAT, which is abundant in small animals and human infants, is under SNS control and is primarily mediated in brown adipocytes by a mitochondrial protein (UCP) which allows protons to leak back across the inner mitochondrial membrane [25] . The resulting dissipation of the proton electrochemical gradient (a phenomenon referred to as dproton leakT) allows substrate oxidation to occur without concomitant capture of some of the useful energy via the synthesis of ATP. The net effect during activation of UCP (by cold or diet) is that substrate oxidation is effectively uncoupled from phosphorylation with a resultant increase in heat production. Although in humans, several lines of evidence are consistent with an important role for SNS in the regulation of thermogenesis [22, 26] , the importance of BAT as a site of adaptive thermogenesis in the adult human proved to be elusive. Furthermore, mice lacking BAT-UCP do not become obese even on high fat diets [27] , but like hless mice, they are cold sensitive. Taken together, these studies underscore the central role of BAT-UCP in murine thermal regulation but may also suggest that SNS-BAT-UCP axis may not be the only important effector of DIT even in small mammals.
SNS control of extra-BAT thermogenesis
From which tissues/organs and by what molecular mechanisms, the extra heat due to DIT that might be produced still remains a mystery [28] . Several other tissues and organs (e.g., liver, kidneys, heart, pancreas) are activated by the SNS in response to diet (Table 2 ), but whether they contribute to DIT is unknown. A role for liver as a major site for DIT has been proposed on the basis that the increase in resting oxygen consumption of rats overfed on a cafeteria-like diet was considerably blunted by partial hepatectomy [29] . However, it is difficult, on the basis of these results, to delineate a role for liver as an effector site for DIT from that of a transducer of energy status [30] , since partial hepatectomy may have impaired the transmission of signals from the liver to the dtrueT effectors of DIT. As for skeletal muscle, evidence that SNS-mediated thermogenesis occurs in this tissue remains elusive. SNS activity in skeletal muscle of rats is unresponsive to starvation and overfeeding [31] , and in adult humans (where BAT is scarce or quiescent), infusion of norepinephrine increases resting metabolic rate, but no detectable increase in thermogenesis occurred in forearm skeletal muscle [32] . Nonetheless, like in rodents, modulation of SNS activity by short-term underand overnutrition occurs in adult humans as judged from measurements of norepinephrine spillover in blood and urine [22] , and furthermore, a low SNS activity has been shown to be a risk factor for weight gain in Pima Indians [33] . But the central issue of whether in humans, the subtle variations in DIT-which over months and years lead to obesity in some but weight maintenance in others-also reside in variations in SNS activity remains to be firmly established, just as the tissue/organ sites and molecular mechanisms that could account for this variability in metabolic efficiency.
Novel duncouplingT proteins
The publications of two papers in 1996 prompted several laboratories to search for mitochondrial UCP and/or UCP homologues in skeletal muscle and other tissues, namely, (i) the report by Nagase et al. [34] claiming that treatment with a h3 agonist led to weight loss associated with expression of an uncoupling protein detected in skeletal muscle and white adipose tissue by Northern and Western probing for the BAT-UCP, and (ii) the report of Rolfe and Brand [35] that the phenomenon of mitochondrial dproton leakT is not unique to BAT, as originally thought, but also exists in tissues other than BAT, and could contribute as much as 25-50% of the liver and skeletal muscle heat production at rest.
This search initially led to the discoveries of two new members of the duncouplingT protein family (UCP2 and UCP3) on the basis of their high sequence homology to BAT-UCP, renamed UCP1. Unlike UCP1, which is expressed only in BAT, UCP2 is expressed in all tissues so far examined (including organs involved in immunity or rich in macrophages), while UCP3 is expressed predominantly in skeletal muscles and BAT and to a lower extent in white adipose tissue and in the heart. These discoveries stimulated further the search for other UCP1-homologues and resulted in the cloning of Brain mitochondria carrier protein 1 (BMCP1)-also referred to as UCP5-which is expressed in neural tissues, notably the brain, although its transcripts have also been reported in multiple human and mouse tissues, including in white and brown adipose tissue, liver, skeletal muscle, gut, kidney, heart, brain, and testis.
UCP1-homologues: are they mediators of thermogenesis?
Although a number of human studies have since linked polymorphisms of some of the UCP1-homologues (UCP2, UCP3) with obesity or with low rates of energy expenditure and/or fat oxidation [36] [37] [38] [39] , there is considerable uncertainties about their physiological roles, amid proposals that they might play a role in the mediation of thermogenesis, in the regulation of lipids as fuel substrate, in the control of insulin secretion, and/or in controlling the production of reactive oxygen species. These topics have been extensively reviewed during the past few years [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] , but within the context of this review focusing on adaptive thermogenesis and fat metabolism, it is important to point out that it is debatable whether these UCP1-homologues have genuine uncoupling properties for the following reasons:
(i) Artefactual uncoupling: The overexpression of these UCP1-homologues in cell culture systems [50] [51] [52] and/or in mouse skeletal muscle [53] was reported to 
The arrow up implies increased SNS activity in organs/tissues, as assessed by techniques of radiolabeled norepinephrine turnover; the zero symbol indicates no significant change. Note that the skeletal muscle is not recruited by the SNS in response to cold or diet, independently of the muscle type studied. Source of references: Dulloo and Jacquet [96] .
alter mitochondrial membrane potential in a direction that is consistent with uncoupling properties, but it has been argued that this uncoupling is the expression of artifacts arising from the disruption of mitochondrial membrane integrity [54] [55] [56] . (ii) Starvation paradox: An uncoupling role for UCP1-homologues has also been proposed on the basis that fasting, which increases the expression of UCP2 and UCP3 in skeletal muscle, decreased its capacity to produce heat in response to the uncoupler FCCP, i.e., carbonyl-cyanide p-trifluoromethoxyphenylhydrazone [50] . This hypothesis of a UCP-mediated state of partial uncoupling in fasted muscle is, however, at odds to that expected for any putative mediator of thermogenesis in a well-established condition of energy conservation at the whole body level [41] and in the skeletal muscle [57] . In particular, fastinginduced increases in UCP2 and UCP3 expressions in skeletal muscle occur without changes in kinetics of proton conductance pathway in isolated mitochondria [58, 59] and without changes in the overall state of mitochondrial energy coupling in the hindlimb of awake animals, as assessed by noninvasive 13C/31P NMR spectroscopic approaches [60] . (iii) High-fat feeding paradox: Similarly in humans, increasing fat in the diet leads to increased skeletal muscle UCP3 expression but not in mitochondrial uncoupling, as assessed by the lack of any changes in the rate of muscle phosphocreatine resynthesis during conditions of maximal flux through oxidative phosphorylation [61] . (iv) State 4 respiration controversies: It can always be argued that changes (or lack of it) in the gene or protein expression of UCP3 do not reflect changes in the activity of the protein. Indeed, the most direct evidence so far that UCP3 has physiologically relevant uncoupling properties rests à priori upon the report that state 4 respiration-which is often postulated to reflect basal proton leak respiration [62] -is lower in skeletal muscle from UCP3-knockout mice [63] . Both UCP3 gene expression and state 4 mitochondrial respiration were also found to be lowest in skeletal muscle from patients with the least weight losses than in those with the greatest weight losses, following a hypocaloric slimming therapy [64] . The implications of these findings [62] [63] [64] are, however, questionable following the failure to confirm the observations of a link between UCP3 and state 4 respiration (and/or proton leak) in another UCP3-knockout mouse model [65, 66] .
Whatever the explanation(s) for these discrepancies about the physiological significance of changes in UCP3 (gene vs. protein vs. activity) or state 4 respiration (in vitro vs. in vivo), the lack of correlation between UCP3 expression and state 4 respiration in response to dietary manipulations that alters adaptive thermogenesis [67, 68] considerably weakens the plausibility of a role for UCP3 in mediating adaptive changes in thermogenesis pertaining to weight regulation (see Table 3 ). To date, therefore, there is no convincing evidence that, under physiological conditions, UCP3 or other UCP1-homologues are mediators of thermogenesis.
UCP1-homologues: a link with regulation of lipids as fuel substrate
In the search for an alternative function for UCP1-homologues, our reevaluation of data on UCP1, UCP2, and UCP3 with the state of knowledge about skeletal muscle and BAT metabolism during starvation [69] revealed that the only common association in both tissues was in parallel changes in their expressions and the utilization of lipids as fuel substrate (Table 4 ). In BAT, the decreases in gene expressions of UCP2 and UCP3 are in parallel to the decrease in utilization of lipids as metabolic fuel due to a general down-regulation of metabolic activity in this tissue, consequential to the suppressive effect of fasting on the SNSBAT-UCP1 axis. In the skeletal muscle, the increased UCP2 and UCP3 expressions are in line with the wellknown fasting-induced shift in substrate utilization in favour of lipids as the predominant metabolic fuel and hence allowing the sparing of glucose for organs/tissues with an obligatory requirement for glucose, notably the brain. Could it then be that the structural homology of UCP2 and UCP3 to UCP1 has been made with the wrong function of UCP1-since the primary function of this uncoupling protein as a mediator of adaptive thermogenesis via mitochondrial proton leak has often been linked (by mechanisms that are poorly understood) to a putative secondary function as an anion/substrate transporter across the mitochondrial membranes [70, 71] . This reevaluation presented in Table 4 constituted the backbone of the proposal that the primary function of UCP1-homologues in the skeletal muscle and BAT may somehow be involved actively or passively with the regulation of lipids as fuel substrate rather than in the mediation of thermogenesis [69] . This contention has since been reinforced by numerous data in animals and in humans, the most compelling of which are that (i) changes in UCP2 and UCP3 gene expressions during fasting, in parallel to key regulators of lipid oxidation, are more pronounced in white muscles (predominantly fast glycolytic) than in red muscles (predominantly slow oxidative) and hence consistent with the greater dependency of slowoxidative muscles on lipids as fuel substrate, and the greater shift between glucose and lipids as fuel substrate in fastglycolytic muscles during fasting [69, 72, 73] , and that (ii) an increase in dietary fat leads to consistent elevations in UCP2 and UCP3 expressions in skeletal muscle and several other organs/tissues [67, 68, 74, 75] . Furthermore, the associations found in humans between polymorphism in UCP2 or UCP3 with significant reductions in lipid oxidation [37] [38] [39] and that the short-insert isoform of UCP5/BMCP1 is correlated with lipid oxidation during physiological insulin infusion [76] , are consistent with the proposal of a role for UCP1-homologues in the regulation of lipids as fuel substrate.
4.6. UCP1-homologues: are they transporters of fatty acids across mitochondria?
The term dlipids as fuel substrateT encompasses a multitude of control points that could theoretically be invoked in the handling of lipids in response to alterations in the flux of lipid substrates. It is not known whether UCP1-homologues are required at control points along the fatty acid h-oxidation pathway or whether they are involved in the prevention of lipotoxicity that may arise from excess fatty acid delivery and/or enhanced fatty acid oxidation. According to some authors [40] , a role for UCP1-homologues as transporters of fatty acids into the mitochondrial matrix (where fatty acid oxidation occurs) is unlikely because (a) the matrix lacks fatty acyl-CoA transferase activity and fatty acyl-CoA, and (b) the substrate for hoxidation has been shown not to be transported by UCP1. They also point out that UCP2 and UCP3 cannot mediate fatty acid transport, as it relates to h-oxidation on the grounds that fatty acid-carnitine carrier which transport fatty acids into the matrix has a low similarity (20% identity) with UCP1, UCP2, or UCP3. However, one wonders about the validity of rejecting carrier function solely on the basis of amino-acid identity to the carnitine carrier. A number of biochemical models have in fact been proposed in which these UCP1-homologues would operate as fatty-acid carriers across the mitochondria, and the putative function of UCP2 and/or UCP3 would be to export fatty acids out of the mitochondria when fatty acid supply or oxidation predominates, such as in the skeletal muscle during fasting and high-fat feeding [77] [78] [79] ). Most of the proposed models have focused on UCP3, primarily because of the inability to detect UCP2 protein in organs/tissues known to be important sites of fat metabolism (skeletal muscle, heart, brown adipose tissue).
In the model proposed by Himms-Hagen and Harper [78] , UCP3 is postulated to function as a transporter protein, but the energy cost for the operation of this cycle would be due mainly to the ATPase effect rather than to uncoupling via proton entry. According to their model, excess acyl-CoA within the mitochondria is hydrolyzed by a mitochondrial acyl-CoA thioesterase, yielding fatty acid anion and CoASH. The fatty acid anion is exported to the cytosol by being carried across the inner mitochondrial membrane by UCP3. The postulated function of the fatty acid export cycle would be to liberate CoASH for other uses at times of dependence on fatty acid oxidation as an energy source, i.e., in order for CoASH to participate in other reactions for which it is needed during fatty acid oxidation in the hoxidation cycle and in the tricarboxylic acid cycle. The export of fatty acid anion thus permits continued rapid fatty acid oxidation in the face of an oversupply, while at the same time eliminating from the mitochondrion a potentially deleterious substrate, FFA, that it is unable to metabolize. Support for this hypothesis is drawn from the observation that thioesterase expression is increased in mice overexpressing UCP3 [80] , and that there is a good correlation between thioesterase and UCP3 gene expression [81] . However, the various components of this model remain speculatory, and convincing evidence that a potential source of fatty acid anions in the mitochondrial matrix derived from the hydrolysis of acyl-CoA by an acyl-CoA thioesterase has not been reported.
In other models, UCP2 and/or UCP3 are postulated to be involved in the translocation of the fatty acid anions from the matrix side to the cytosolic side of the mitochondrial membrane [42, 71, 79] . The fatty acid anions would be protonated, and the UCP1-homologues would then dflipflopT these neutral fatty acids back to the matrix side [70, 71, 79] , resulting in a lowering of the proton gradient and hence increased heat production. Within these models of fatty acid cycling, therefore, the UCP1-homologues Table 4 A link between skeletal muscle UCP2/UCP3 gene expression and regulation of lipids as fuel substrate in response to fasting would exert an uncoupling effect by being involved in translocating an excessive amount of fatty acid anions out of the mitochondrion. Support for this model is drawn from the observations of an elevated skeletal muscle UCP3 expression under conditions when one could expect cytosolic accumulation of free FFA due to diminished fatty acid oxidation, such as in patients who show multiple acyl-CoA dehydrogenase-deficiency [82] or after pharmacological inhibition using etomoxir [83, 84] . These studies, however, do not provide evidence for a cause-effect relation between the up-regulation of UCP3 and mitochondrial export of FFA, since up-regulation of this UCP1 homologue (for some other undefined function) may simply be consequential to the cytosolic accumulation of fatty acids inherent in this hypothesis. Whatever the explanation for the findings that etomoxir up-regulates skeletal muscle UCP3 protein expression [83, 84] , it must be underlined that treatment with etomoxir in fed and fasted animals failed to alter UCP3 (and UCP2) gene expression in muscles that are primarily fast-glycolytic or fast-oxidative-glycolytic [85, 86] . A physiological role for UCP3 in the export of FFA when FFA supply exceeds fatty acid oxidation also seems inconsistent with changes in the expression of UCP3 in BAT under fasting conditions [69] or in BAT from mice with lacking UCP1 [87, 88] . Under both these conditions when FFA supply greatly exceeds FFA oxidation in BAT, UCP3 in this tissue is either down-regulated or unaltered, respectively, rather than up-regulated, as predicted by this hypothesis.
Is there a role for uncoupling proteins in fat metabolism and energy balance?
The use of gene knockout (KO) technology to elucidate the role of uncoupling proteins in energy balance and substrate metabolism has, in general, been disappointing, inasmuch as mice lacking UCP1, UCP2, and UCP3 or both UCP1 and UCP3 do not become obese and have a phenotype similar to control mice; they do not appear to show major impairments in whole body resting metabolic rate, DIT, total energy expenditure, nor in substrate metabolism [27, 63, [89] [90] [91] . There are, however, many pitfalls in interpreting results from these gene KO and transgenic experiments. As emphasized by Williams and Wagner [92] , unexpected consequences of genomic modifications are frequent, and the phenotype or lack of phenotype observed in any transgenic experiment is a function of both the planned genetic modification and of secondary responses of the organism to that perturbation. An example of this principle was demonstrated in the case of UCP1-knockout mice, which when reared at 22 8C (but not at 278C) are more resistant to obesity during high-fat feeding than their wild types [93] ; the authors attribute this paradox to alternative, calorically more costly pathways of metabolism for maintaining body temperature in the absence of UCP1-mediated nonshivering thermogenesis. Thus, since the knocking out of genes for reasonably well-established functions often fail to reveal the expected impairment in these functions because of compensatory mechanisms (known or unknown), the failure of UCP2 or UCP3-knockout mice to reveal major impairments in weight regulation via thermogenesis or substrate metabolism is not sufficient to reject the hypothesis that these UCP1-homologues play a role in thermogenesis or lipid metabolism. Given the present state of knowledge, however, it can be concluded that there is no good evidence that UCP1-homologues mediate thermogenesis or indeed have genuine uncoupling properties under physiological conditions. In contrast, there are strong associations between the expression of UCP3 (and to lesser extent UCP2 and UCP5/ BMCP1) and fat metabolism, but the nature of these associations remains undefined, and the physiological significance of these UCP1-homologues pertaining to the flux of lipids as fuel substrate across the cell remains elusive.
Within the context of molecular mechanisms underlying adaptive thermogenesis and fat metabolism, UCP1 seems to be the only genuine uncoupling protein that play a role in the mediation of thermogenesis and fat oxidation. In small mammals, its role in sympathetic control of thermoregulatory thermogenesis is well established, and its role in the control of DIT seems to be intimately linked, and secondary, to its role in thermal regulation. In humans, however, the notion that UCP1 is involved in DIT has been largely abandoned, although recent findings that children with UCP1 polymorphism (GG allele carriers) have lowered postprandial thermogenesis in response to a high-fat meal [94] , raises the possibility that such UCP1-linked thermogenesis may have relevance for childhood obesity.
Dual-control systems for adaptive thermogenesis
Whatever the effector mechanisms (other than the SNS-BAT-UCP axis) for sympathetic control of heat production, adaptive thermogenesis has in general been viewed as a drapid reactionT control system which functions as an dattenuatorT of energy imbalance. However, the common observation that after substantial weight losses or growth arrest, body fat is recovered at a disproportionately faster rate than that of lean tissue ( Table 5 ) also suggests that, under these conditions of positive energy balance, adaptive thermogenesis can also be viewed as a dslow-reactionT control system which functions specifically as an dacceleratorT of fat deposition, i.e., for dcatch-up fatT but not for catch-up of lean tissue [95] . How can both views about the dynamics of adaptive thermogenesis be reconciled?
Concept of dual-control systems
From a system physiology standpoint, the nature of the adaptive reduction in thermogenesis in response to starva-tion and refeeding can be conceived to be constituted by two distinct control systems-as depicted in Fig. 2 . One control system, which is a direct function of changes in the food energy supply, perhaps via the prompt alterations in insulin and leptin, responds relatively rapidly to the energy deficit. Its effector mechanisms are suppressed early during the course of starvation, and upon refeeding, they are restored relatively rapidly as a function of energy reavailability and are activated further if hyperphagia occurs during refeeding, which could hence account for increased DIT. Because the efferent limb of this control system-which is primarily under SNS control-is dictated not only by the dietary energy supply but also by a variety of other environmental factors such as diet composition, specific nutrient deficiencies, ambient temperature, psychological stress, etc., it is referred to as the nonspecific control of thermogenesis. By contrast, the other control system has a much slower timeconstant by virtue of its response only to signals arising from the state of depletion/repletion of body fat stores; it is therefore referred to as the control system operating through an adipose-specific control of thermogenesis [96] . The definitions of these two control systems underlying adaptive thermogenesis are thus made on the basis of their differential commands-either deriving solely from the state of adipose tissue fat stores or not.
Evidence for two distinct control systems
Direct evidence for the existence of an adipose-specific suppression of thermogenesis can be derived from wellcontrolled energy balance studies in laboratory animals regaining weight after semistarvation. Under conditions whereby the rehabilitated rats were pair-fed to weightmatched controls, the rate of protein deposition was found to be the same as in controls, but that of fat deposition was increased by more than twofold as a result of 10-15% lower energy expenditure during the first 2-3 weeks of isocaloric Table 5 Past reports of bRapidQ fat tissue recovery (catch-up fat) with lean tissue recovery blagging behindQ ! AIDS patients-parenteral nutrition Source of references: Dulloo et al. [95] . Fig. 2 . Schematic representation of the concept of two distinct control systems underlying adaptive thermogenesis during prolonged starvation and subsequent refeeding. One control system, which is a direct function of changes in the food energy supply, responds relatively rapidly to the energy deficit. Its effector mechanisms are suppressed early during the course of starvation, and upon refeeding, they are restored relatively rapidly as a function of energy reavailability (levels 1-4) and are activated further if hyperphagia occurs during refeeding (level 4). Because the efferent limb of this control system is primarily under the control of the sympathetic nervous system (SNS) whose functional state is dictated by overlapping or interacting signals arising from a variety of environmental stresses, including food deprivation, deficiency of essential nutrients, excess energy intake, and exposure to cold or to infections, it is referred to as the nonspecific control of thermogenesis and is likely to occur primarily in organs/tissues with a high specific metabolic rate (e.g., liver, kidneys, BAT). The other control system, by contrast, is independent of the functional state of the SNS and has a much slower time-constant by virtue of its response only to signals arising from the state of depletion/repletion of the fat stores; it is therefore referred to as the control system operating through an adipose-specific control of thermogenesis. While suppression of this adipose-specific thermogenesis during starvation and during refeeding leads to energy conservation, the energy thus spared during refeeding is directed specifically at the replenishment of the fat stores, resulting in an accelerated fat recovery-a phenomenon that could contribute to the disproportionately rapid rate of fat relative to lean tissue recovery during refeeding after substantial fat stores depletion. Adapted from Dulloo and Jacquet [96] .
refeeding [96, 97] . A number of factors that could theoretically contribute to this difference in energetics between refed and controls (age difference, physical activity, feeding pattern) have been evaluated and shown to have a minimal impact on the difference in energy expenditure between the two groups [97] . Consequently, under conditions of our refeeding study, the lower energy expenditure in the refed than in the controls is essentially the energy spared as a result of sustained suppression of thermogenesis for the purpose of catch-up fat. The subsequent demonstrations [98] that when both refed and controls were pair-fed during exposure to cold (a state of markedly elevated sympathetic activation of thermogenesis) the refed animals still showed the capacity for energy conservation directed at catch-up fat (Fig. 3) , suggested that the mechanisms underlying the adipose-specific suppression of thermogenesis are clearly distinct from sympathetic control of thermogenesis. Viewed in another way, the fact that during weight recovery suppressed adipose-specific thermogenesis (energy conservation) can coexist with enhanced SNS-mediated nonspecific thermogenesis (energy dissipation), whether in response to stimuli of cold [98] , hyperphagia [99] , protein-deficient diets [100] , or infections [101] , suggest that these two control systems have distinct effectors, with the adipose-specific control of thermogenesis occurring at sites other than those recruited by the SNS in response to diet and cold.
Distinct effectors for dual-control systems
Based upon tracer kinetic studies of norepinephrine turnover rates in various organs and tissues (Table 2) , it could be postulated that the mechanisms underlying nonspecific (SNS) control of thermogenesis operate in the metabolically fast-tissues/organs (such as the liver, kidneys, heart and brown fat) and are rapidly restored upon food reavailability. By contrast, the mechanisms underlying the adipose-specific control of thermogenesis-and independently of the SNS-operate primarily in skeletal muscle, a tissue already known to be an important site of starvationinduced suppression of thermogenesis, as judged by studies of regional blood flow by microspheres coupled with measurements of arterial-venous oxygen consumption [57] . In other words, the control system underlying the adipose-specific control of thermogenesis could operate as a feedback loop between the adipose tissue fat stores and skeletal muscle. It could hence comprise a sensor(s) of the state of depletion of the fat stores, a signal(s) dictating the suppression of thermogenesis as a function of the state of depletion of the fat stores, and an effector system mediating adaptive thermogenesis in skeletal muscle [96] . Support for this contention can be derived from our recent studies [102] , utilizing the hyperinsulinaemic euglycaemic clamp technique, showing that glucose utilization rate is diminished in skeletal muscle and elevated in adipose tissue during the phase of suppressed thermogenesis favouring catch-up fat in our rat model of weight recovery.
A compartmental model
An overall integration of the dual-control systems for adaptive thermogenesis in the regulation of body weight and body composition during a cycle of weight loss and weight recovery is discussed with the help of a schematic diagram presented in Fig. 4 . This diagram (a) embodies previous findings that the control of body energy-partitioning between protein and fat is an individual characteristic, i.e., individuals vary in their partitioning characteristic (Pc) between protein and fat during starvation (see Ref. [103] for review) and (b) takes into account the two distinct control systems for adaptive thermogenesis, which can operate independently of each other.
During starvation, the control of partitioning determines the relative proportion of protein and fat to be mobilized Fig. 3 . Dissociation of suppressed thermogenesis favouring fat recovery during refeeding from sympathetic control of thermogenesis. Independently of environmental temperature, the refed animals pair-fed to their respective weight-matched controls show lower energy expenditure (by 11-13%) and higher body fat gain. Drawn from data of Dulloo et al. [98] .
from the body as fuel (i.e., the individual's Pc), and the energy conserved due to suppressed thermogenesis is directed at reducing the energy imbalance, with the net result that there is a slowing down in the rate of protein and fat mobilization in the same proportion as defined by the Pc of the individual. Indeed, the fact that, in normal-weight humans and rodents, the fraction of fuel energy derived from protein (i.e., the P ratio) remains relatively constant during the course of prolonged starvation [104, 105] implies that neither control systems underlying suppressed thermogenesis are directed at sparing specifically protein nor specifically fat but at sparing both protein and fat compartments. During starvation, therefore, the functional role of both control systems underlying suppressed thermogenesis is to reduce the overall rate of fuel utilization (i.e., for energy conservation directed at sparing both lean and fat tissues).
During refeeding, the control of partitioning operates in such a way that protein and fat are deposited in the same relative proportion as determined by the Pc of the individual during starvation, and the increased availability of food leads to the rapid removal of suppression upon the nonspecific (SNS-mediated) control of thermogenesis. By contrast, the suppression of thermogenesis under adiposespecific control is only slowly relieved as a function of fat recovery, such that the energy that continues to be spared is directed specifically at the replenishment of the fat stores. The net effect, as previously demonstrated using both statistical and numerical approaches in our reanalysis [106] of human data from the Minnesota Experiment of semistarvation and restricted refeeding [107] , and substantiated by animal studies [97] [98] [99] , is that fat is deposited in excess of that determined by the Pc of the individual. This would account, at least in part, for the specific acceleration of fat deposition and hence the disproportionate rate of fat relative to lean tissue recovery.
Biological significance
Such an adaptive phenomenon that accelerates the restitution of fat stores rather than to divert the energy saved towards compensatory increases in body protein synthesis (an energetically costly process) would have survival value in ancestral famine-and-feast lifestyle. By virtue of the fact that body fat has a greater energy density and a lower energy cost of synthesis/maintenance than protein, it would provide the organism with a greater capacity to rapidly rebuild an efficient energy reserve and hence to optimize its survival capacity in the face of recurrent shortage of food. But equally important for the survival of mammals during weight loss and weight recovery is the need to retain the capacity to increase heat production (i.e., thermogenesis) in response to a number of other environmental stresses, namely, (a) for increased thermoregulatory needs in cold environments, (b) for the generation of fever during exposure to infections, or (c) for increased heat production as an adaptation to nutrientdeficient diets.
The necessity to increase DIT in the face of nutrientdeficient diets probably had evolutionary survival advantage of dhomeostatic wasteT because it enables individuals to overeat relatively large quantities of poor quality food in order to obtain essential nutrients without the deposition of excess nonessential energy as fat. Excessive weight gain Fig. 4 . Schematic representation of a compartmental model for the regulation of body weight and body composition during a cycle of weight loss (prolonged starvation) and weight recovery (refeeding). In this model, the two distinct control systems underlying adaptive thermogenesis-the nonspecific control and the adipose-specific control-are integrated with the more dbasalT control of partitioning between the body fat and protein compartments as determined by the partitioning characteristic (Pc) of the individual; see text for details. Adapted from Dulloo and Jacquet [96] .
would be a hindrance to optimal locomotion, hunting capabilities and the ability to fight or flee. Stock [4] has proposed that DIT may have evolved as a means of regulating the metabolic supply of essential nutrients (protein, minerals, vitamins) with only a secondary role in regulating energy balance and body weight. Whatever the exact functional significance of DIT, however, it is clear that, in a context of weight recovery, an elevated efficiency catch-up fat can be shown to persist even under conditions of hypermetabolism (a net increase in thermogenesis) induced by hyperphagia or nutrient-deficient diets [99, 100] .
To explain this apparent paradox, the model presented in Fig. 4 provides a structural framework that illustrates how suppressed adipose-specific thermogenesis resulting in enhanced fat deposition during refeeding (and postulated to occur in the skeletal muscle) could persist under conditions when the nonspecific control of thermogenesis is activated in organs/tissues recruited by the SNS (liver, kidneys, heart, BAT). These differentially regulated control systems for thermogenesis may thus have arisen during the course of mammalian evolution as dual-adaptive processes that can satisfy the need for energy conservation during weight loss or for catch-up fat during weight recovery, even under environmental stresses when SNS-mediated activation of heat production has equally important survival values.
Application to a longitudinal human study of weight fluctuations
The existence and operation of this dual-control systems for adaptive thermogenesis is consistent with the temporal changes of BMR and body composition during the unique longitudinal study of semistarvation, refeeding, and subsequent overfeeding in men from the Minnesota Experiment [107] . The pattern of changes in food intake and body weight, together with kinetics of altered thermogenesis (assessed as changes in BMR adjusted for fat-free mass [FFM] and fat mass and expressed as a percentage of baseline BMR value), is presented in Fig. 5 .
During the phase of weight loss, the operation of the two control systems for adaptive thermogenesis is suggested by the fact that reduction in thermogenesis is biphasic in nature, with an initial rapid reduction in adjusted BMR at week 4, corresponding to 10% of baseline BMR, followed by a slower reduction in adjusted BMR, corresponding to 20% and 25% of baseline BMR at weeks 20 and 24, respectively [95, 96, 108] . At the latter time-points during starvation (at S20 and S24), the magnitude of reduced adjusted BMR was found to be associated with the reduction in fat mass [108] -i.e., the greater the degree of depletion of the fat stores, the greater the suppression of thermogenesis.
During the phase of weight recovery, the operation of the two control systems for thermogenesis is also suggested by the following:
(a) the relation between the degree of depletion of fat stores and suppressed (adipose-specific) thermogenesis persists at week 12 of restricted refeeding [108] , at which time-point (R12) the mean adjusted BMR is still about 10% below baseline BMR level, the body fat is 80% recovered, while body weight and FFM recoveries are less than 50%, and Fig. 5 . Pattern of changes in body weight, food intake, and adaptive thermogenesis during the various phases of the longitudinal dMinnesota ExperimentT of human semistarvation and refeeding. The changes in adaptive thermogenesis at the various time-points are assessed as changes in basal metabolic rate (BMR) after adjusting for changes in fat-free mass (FFM) and fat mass and expressed as a percentage of the baseline (control, C) BMR level. C-end of control (baseline) period; S12 and S24-week 12 and week 24 of semistarvation, respectively; R12 and R20-week 12 and week 20 after onset of refeeding. Drawn from data of Keys et al. [107] and Dulloo and Jacquet [108] .
(b) after withdrawal of the dietary restriction during the subsequent period of ad libitum refeeding, the development of hyperphagia is accompanied by a prompt (perhaps SNS-mediated nonspecific) increase in thermogenesis, as judged by increases in adjusted BMR corresponding to about 20% of baseline BMR at week 14 of refeeding.
It is also noticeable that by week 20 after the onset of refeeding (at R20), when FFM has been almost 100% recovered and body fat had overshot baseline (prestarvation) level byN70% [109] -a phenomenon that Keys et al. [107] referred to as dpoststarvation obesityT-the adjusted BMR remains significantly higher (by about 10%) above the baseline BMR despite the fact that hyperphagia is no longer present. This postoverfeeding sustained elevation of thermogenesis, also observed in laboratory rats [110, 111] , is consistent with a feedback mechanism existing between thermogenesis and body fat-i.e., the result of an activated adipose-specific control of thermogenesis, which may well have contributed to the subsequent slow return of body weight towards the baseline level after the phase of fat overshooting.
It should be noted that this study only enabled analysis of adaptive changes in thermogenesis in the BMR compartment, since Keys et al. [107] did not measure the thermic effect of food nor the energy cost of physical activity. They noted, however, that there was a profound decrease in SPA of the subjects, particularly during weeks S12 and S24 of semistarvation.
Concluding remarks
Despite major caveats in our understanding of organ sites and molecular mechanisms for adaptive thermogenesis, it is nonetheless clear that the two control systems operating through adjustments in thermogenesis could play a crucial role in attenuating and correcting deviations of body weight from its dsetT or dpreferredT value. The extent to which these adjustments through adaptive thermogenesis are brought about is dependent upon the environment (e.g., diet composition) and is highly variable from one individual to another largely because of variations in the genetic make-up among individuals. In societies where food is plentiful all year round and physical activity demands are low, the resultant subtle variations among individuals in adaptive thermogenesis can, in dynamic systems and over the longterm, be important in determining long-term constancy of body weight in some and in provoking the drift towards obesity in others. The greatest challenges nowadays are to find or design the experimental conditions that are the most likely to unravel the molecular-physiological processes underlying each of these control systems. The components of the control system underlying the adipose-specific suppression of thermogenesis, namely, its sensor(s), signal(s), and effector(s), can certainly be studied din isolationT from the other control systems regulating body composition [96] but within the type of constraints that can only be imposed in animal experimentation. Furthermore, subtle differences among humans in their capacity for nonspecific control of thermogenesis in response to diet (i.e., in elevated DIT)-while of quantitative importance in their different susceptibilities to obesity when cumulated over months to years-are unlikely to be picked up by conventional techniques during the relative short durations of human experimentation. It may prove necessary to simulate the appropriate unbalanced dietary conditions (e.g., low-protein overfeeding) under which DIT is recruited [4, 5] in order to unmask some of the genetic and metabolic machinery responsible for human variability in thermogenesis.
